Cell aggregates composed of mycobiont and photobiont derived from three lichen species, Arthothelium awasthii, Heterodermia podocarpa and Parmotrema tinctorum, were grown in Lilly-Barnett (LB) and Modified Bold's Basal (MBB) media for one year under laboratory conditions. Results are presented on growth rate, production of barbatic acid, zeorin and lecanoric acid, and the antioxidant potential of extracts prepared with different solvents and of the partially purified substances. The growth rate of the cell aggregates of the three species was found to be more or less similar in the LB and MBB media. The production of lichen substances by the three species was found to vary in both media. The dried, soluble extract yield found from the solvents was in the order of n-hexane > chloroform > ethyl acetate > acetone > methanol > DMSO. The antioxidant activities showed by barbatic acid, zeorin and lecanoric acid was highest at a concentration of 50 µg / mL.
Lichens are a stable and self supporting symbiosis between fungi (the mycobiont) and photoautotrophic algal partners (the photobiont). In recent literature, it has been reported that, to date, about 1050 "lichen substances" have been identified [1] . Lichen-forming fungi are potential sources of interesting polyketides and further novel metabolites [2] . In particular, the metabolites from lichens are known to exert multiple pharmacological activities and have properties such as antibiotic, antimycobacterial, antiviral, antiinflammatory, analgesic, antipyretic, antiproliferative and cytotoxic [3] .
As lichens are slow-growing organisms, initially many difficulties were encountered in sourcing the substantial quantities of lichen substances required for various applications. Improved culture methods and adjustable growing conditions in electronically controlled culture chambers have contributed to enormous progress in the field of lichen biotechnology. As a result, many workers have succeeded in growing different mycobionts and photobionts either separately or together as symbionts under axenic conditions [1] .
Previously we have standardized the physiological conditions, such as nutrient, light, temperature and humidity for obtaining cell aggregates composed of symbionts producing lichen substances from fragments of natural lichen thallus of Bulbothrix setschwanensis, Graphis guimarana, G. nakanishiana, G. schizograpta and Usnea ghattensis [4] [5] [6] [7] [8] . These cultures also showed biological activities, like inhibition of xanthene oxidase, tyrosinase inhibition, superoxide scavenging and antioxidant activities [6] [7] [9] [10] [11] [12] .
Oxidation processes are very important for living organisms. The uncontrolled production of oxygen free radicals and the unbalanced mechanism of antioxidant protection result in the onset of many diseases and accelerate ageing. Antioxidants are considered as possible protection agents reducing oxidative damage of the human body. Therefore, there is a growing interest in the substances exhibiting antioxidant properties that are supplied to human and animal organisms as food components or as specific pharmaceutical products. Recently, natural antioxidants have become one of the major areas of scientific research [13] [14] . The plant kingdom offers With this background, the objectives of the present study were: 1) To find the appropriate physiological conditions to grow the cell aggregates composed of mycobiont and photobiont derived from fragments of thallus of the lichen species Arthothelium awasthii, Heterodermia podocarpa and Parmotrema tinctorum and the production of lichen substances under laboratory conditions. 2) To study the antioxidant potential of fractionated, dried, soluble extracts prepared with various solvents, and 3) To investigate the antioxidative potential of partially purified lichen substances barbatic acid, zeorin and lecanoric acid.
Growth of cell aggregates in vitro:
The cell aggregates composed of mycobiont and photobiont were obtained from three lichen species Arthothelium awasthii, Heterodermia podocarpa and Parmotrema tinctorum cultured in Lilly Barnett (LB) medium and in modified Bold's Basal (MBB) medium, supplemented with an excess carbon source (40% sucrose), and incubated for one year in a biomulti incubator at 15 o C.
The results of the study on the growth rate of cell aggregates in terms of their dry biomass are presented in Table 1 . A linear increase in the growth of cell aggregates was observed in both LB and MBB media. The optimum growth of cell aggregates derived from A. awasthii, H. podocarpa and P. tinctorum was found in the MBB medium (6.27 g, 3.83 g, and 3.44 g after 48 weeks), whereas in the LB medium, the dry cell aggregate yields were 5.66 g, 2.71 g, and 2.88 g, respectively after the same period of incubation. In general, the growth of the cell aggregates showed marginal difference in both the media. 
Production of lichen substances:
The results of the production of lichen substances by cell aggregates derived from Arthothelium awasthii, Heterodermia podocarpa and Parmotrema tinctorum grown in LB and MBB medium are presented in Table 2 .
Barbatic acid was produced by A. awasthii with a yield of 2.18 µg/g, dry wt; zeorin by H. podocarpa with a yield of 2.71 µg/g, dry wt; and lecanoric acid by P. tinctorum with a yield of 2.33 µg/g, dry wt in MBB medium, whereas the equivalent yields in the LB medium were barbatic acid 1.76 µg/g, dry wt; zeorin 2.27 µg/g, dry wt; and lecanoric acid 1.58 µg/ g, dry wt. These results indicated that both media had significant effects on the production of lichen substances by the cell aggregates under laboratory conditions.
Antioxidant activities of solvent fractions of cultured lichens:
The dry cell aggregates of Arthothelium awasthii, Heterodermia podocarpa and Parmotrema tinctorum were fractionated using various polar to non polar solvents. The weight of dried soluble extracts obtained by the solvents was in the order of DMSO > methanol > acetone > ethyl acetate > chloroform > n-hexane. The dried soluble extracts were screened for their antioxidant activities in terms of inhibition of lipid peroxidation (ILP); free radical scavenging (FRS); superoxide anion scavenging (SAS); hydroxyl radical scavenging (HRS); nitric oxide scavenging (NOS); hydrogen peroxide scavenging (HPS); ferrous ion chelating (FIC); and ferric reducing power (FRAP). The results are presented in Table 3 .
The acetone, methanol and DMSO fractions of the three species showed the highest antioxidant activities, but the results varied greatly. The acetone 
Antioxidant activities of partially purified lichen substances obtained by elution of the TLC spot:
The antioxidant activities of the partially purified lichen substances have been evaluated and their data presented in Table 4 . Barbatic acid, zeorin and lecanoric acid showed antioxidant activities, in a concentration-dependent manner. Barbatic acid, at 50 µg /mL, showed > 50% activity in the LPI, HRS and FRAP tests. However, the FRS, NOS and SAS activities were found to be < 50% using the same concentration of barbatic acid. Similarly, at 50 µg/mL, zeorin and lecanoric acid exhibited > 50% activities only in the HRS and FRAP tests. The antioxidant activities shown by all the lichen substances at higher concentration (50 µg /mL) were more or less equivalent to those of the standard antioxidants Trolox, BHA and BHT. 
In vitro growth of cell aggregates:
The cell aggregates composed of mycobiont and photobiont derived from Arthothelium awasthii, Heterodermia podocarpa and Parmotrema tinctorum were grown in LB and MBB media under laboratory conditions. The growth rate and the production of barbatic acid, zeorin and lecanoric acid were observed for one year. Although the growth rates of the cell aggregates in both the media were found to be more or less equivalent, the production of lichen substances was found to vary greatly. This indicated that the level of production depends upon the availability of sufficient carbon in the media. Many times, the media were dry and cracked. When we transplanted the same cell aggregates into fresh nutrient media with an excess of carbon, not only did it enhance the growth rate, but it also enhanced the production of the lichen substances. Thus, for the constant production of these, the cell aggregates need a continuous maintenance of a suitable carbon source, as well as suitable temperature and moisture levels in the Petri dishes. Our results are in agreement with those reported that culture media supplemented with excess carbon sources play an important role in the enhancement of the growth of either the mycobiont alone or the symbionts, and the production of lichen substances [15] [16] .
Stocker-Worgotter & Elix [17] , in their studies on the culture of the lichen Lobaria spathulata, supplied sucrose for an alternative reason. Many epiphytic lichens that grow on the barks of deciduous trees produce root-like rhizoids, which help the lichen thallus attach itself to the bark of the tree. In higher plants, sucrose is the transport sugar and since most of the epiphytic lichens growing on trees have either rhizines or rhizoids, which penetrate the substratum, it seems reasonable to suggest that they might absorb sucrose form their hosts. With this view, we previously cultured Usnea ghattensis in a medium containing excess sucrose as a carbon source, and found a higher growth rate, along with the production of usnic acid [10] . In the present study, we have cultured A. awasthii, H. podocarpa and P. tinctorum, which were collected from either bark or rock. In the present study also, the cell aggregates derived from the lichens were grown in a media with excess sucrose as a carbon source. The growth of cell aggregates and the production of barbatic acid, zeorin and lecanoric acid were relatively increased. Thus our results are in agreement with those reported that the lichenized fungus might have a strong preference for sucrose, consistent with the utilization of this sugar as a carbon source in nature [17] .
In nature, lichen fungi grow under highly diverse and extreme ecological conditions. Environmental factors are generally assumed to influence the production of lichen metabolites in manifold ways, such as temperature, light intensity, and drought/moisture, and thus, for the development of lichen biomass and production of lichen metabolites, these environmental factors have to be studied in detail by culturing the lichen under laboratory conditions. Our results suggest that the production of lichen metabolites by the symbionts in culture may be nutrient specific, but carbon sources are important, as are constant environmental (culture) conditions for the symbionts.
Antioxidant activities of fractionated, dried, soluble extracts:
The dried, soluble, extracts by different solvents obtained from the cell aggregates derived from Arthothelium awasthii, Heterodermia podocarpa and Parmotrema tinctorum were examined for their antioxidant activities in terms of inhibition of lipid peroxidation (ILP); free radical scavenging (FRS); superoxide anion scavenging (SAS); hydroxyl radical scavenging (HRS); nitric oxide scavenging (NOS); hydrogen peroxide scavenging (HPS); ferrous ion chelating (FIC); and ferric reducing power (FRAP). Irrespective of the lichen species, the weights of dried soluble extractives obtained by extraction with n-hexane, chloroform and ethyl acetate were much lower than those when the solvents were acetone, dimethyl sulfoxide (DMSO) and methanol. Moreover, the antioxidant activities of the n-hexane, chloroform and ethyl acetate extracts never exceeded 10% to 20%, whereas the acetone extract of A. awasthii showed an ILP value of 28.6%, a FRS value of 46.3%, and a NOS value of 41.8%. Similarly, the acetone extract of H. podocarpa gave a HRS value of 33.2%, but the majority of the activities for this extract ranged from 6.3% to 26.4%. In the case of P. tinctorum, all the antioxidant activities of the acetone extract ranged from 9.2% to 28.3%. The methanol extract of A. awasthii showed a SAS value of 27.3%; of H. podocarpa a HPS value of 16.4%; and of P. tinctorum HPS and FIC values of 27.2% and 15.7%, respectively, while all other activities were found to be in the range of 30% to 73%. The DMSO extract followed relatively the same trend in antioxidant activities as that shown by the methanol extract. However, the DMSO extract of H. podocarpa gave a HPS value of 23.2%. In the present study, the results clearly indicated that DMSO and methanol are the most suitable solvents for the extraction of antioxidative compound. The dried soluble extracts of different species obtained by different solvents were found to vary greatly, and the antioxidant activities shown by the various extracts of the different species also varied. Our results agree with Antioxidant activity of lichen metabolite Natural Product Communications Vol. 3 (11) 2008 1915 those reported that the level of compounds produced by organisms is influenced by genetics and growth conditions [18] .
Antioxidant activities of partially purified lichen substances:
The antioxidant activities of the partially purified barbatic acid, zeorin and lecanoric acid were evaluated. The antioxidant activities of the compounds were found to vary. These variations may be attributed to the purity of the substances, because, even after purification, HPLC still showed some small peaks due to impurities. It seems that the antioxidant activities of the substances were hindered, probably by the presence of small concentrations of other compounds. However, we have cross checked the antioxidant potential of the crude extract and the partially purified lichen substances, and the difference in the antioxidant potential of the crude extracts and that of the partially purified metabolites was found to be >20% (data not shown).
In the crude extracts of Arthothelium awasthii, Heterodermia podocarpa and Parmotrema tinctorum we found the presence of high contents of total phenol (54.3 mg/g, 44.8 mg/g and 41.5 mg/g, respectively). The variation of antioxidant activities between the crude extract and the partially purified barbatic acid, zeorin and lecanoric acid may be attributable to the presence of high concentrations of phenols in the crude extract.
The results are in agreement with those that reported the ability of phenolic compounds to scavenge free radicals and active oxygen species [19] [20] . Antioxidant activities and phenol contents are greatly dependent on plant material source [21] .
The cell aggregates composed of mycobiont and photobiont obtained from the fragments of natural thallus of Arthothelium awasthii, Heterodermia podocarpa and Parmotrema tinctorum produced barbatic acid, zeorin and lecanoric acid under laboratory condition, as they also do in nature. As evident from the data, the production of these lichen substances by these species was found to be nutrient specific. DMSO and methanol are suitable solvents to extract the antioxidative compounds from the dried cell aggregates. The antioxidant activities shown by the partially purified barbatic acid, zeorin and lecanoric acid at a concentration of 50 µg/mL were more or less similar to those of the standard antioxidants Trolox, BHT and BHA at a concentration of 20 µg/mL. Hence the three lichen species deserve to be explored further for their bioactive metabolites and work should be encouraged to improve the culture conditions of the species to harvest large quantities of cell aggregates and the naturally occurring lichen substances barbatic acid, zeorin and lecanoric acid for potential pharmaceutical applications. However, there is a need to investigate the toxicity of the lichen metabolites before their pharmaceutical application. The data of the present study can be used as guidelines for further purification and isolation of the lichen substances and to study their antioxidant potential in detail.
Experimental

Thallus induction and culture:
The natural thalli of Arthothelium awasthii Patw. & Makhija (family: Arthoniaceae) producing barbatic acid and two unknown substances, Heterodermia podocarpa (Bél.) D. D. Awasthi (family: Physciaceae) producing atranorin and zeorin, and Parmotrema tinctorum (Nyl.) Hale (family: Parmeliaceae) producing atranorin and lecanoric acid, were cultured under laboratory conditions following the method described by Yamamoto et al. [22] using Lilly Barnett (LB) and Modified Bold's Basal medium (MBB) [4] in an adjustable temperature and light controlled instrument [Biomulti incubator (NK System Japan)]. The pH of the media were adjusted from 3 to 9, and the media were then made solid, semi-solid or liquid with increasing or decreasing concentrations of Sabouraud dextrose agar/plain agar ranging from 5 to 20 g/L. In order to initiate or to make faster the growth of mycobiont, the above media were supplemented with sucrose, polyethyl glycol or mannitol, as excess carbon sources (concentration ranging from 5 to 40%). The Petri dishes/conical flasks were incubated from 10 o to 20 o C with an alternating 8 h light (400 lux) and 16 h dark cycle. The details of thalli induction and symbionts derived as cell aggregates from various lichen species have been reported in our previous papers [4] [5] [6] [7] [8] [9] [10] [11] [12] .
The lichen cultures were maintained for one year by replacing fresh nutrient media to the cultures after every two months. The growth rate of cell aggregates and production of lichen substances were measured. After every two months, the development of lichen symbionts of different species were confirmed by mounting the tissue in cotton blue and examination by transmission light microscope.
